Amines are important drivers in particle formation and growth, which has implications for Earth's 8 climate. In this work, we developed an ion chromatographic (IC) method using sample cation-exchange 9 preconcentration for separating and quantifying the nine most abundant atmospheric alkyl amines 
Multiple field investigations sampling atmospheric particles using MS analysis have reported the detection of 23 amine ion peaks but have been unable to assign them to a specific amine (Aiken et al., 2009; Denkenberger et 24 al., 2007; Silva et al., 2008; Yao et al., 2016) . Derivatization of alkyl amines coupled with HPLC or GC 25 separation has been reported to aid in separation and quantitation of amine species (Akyüz, 2007; Huang et al., 26 2009; Fournier et al., 2008; Key et al., 2011; Possanzini and Di Palo, 1990) . However, these approaches are time 27 consuming, require optimization of reaction conditions, and employ phase separations, which use large 28 quantities of consumables, reagents, and solvents. Capillary electrophoresis has also been employed for aqueous 29 amine separation, however in either case derivatization was required (Dabek-Zlotorzynska and Maruszak, 1998) 30 or the separation of atmospherically relevant cations was not addressed (Fekete et al., 2006) . The use of ion 31 chromatography to directly separate and quantify atmospheric alkyl amines has been demonstrated (Chang et al., 32 2003; Dawson et al., 2014; Erupe et al., 2010; Huang et al., 2014; Li et al., 2009; Murphy et al., 2007;  33 VandenBoer et al., 2012; Verriele et al., 2012 ), yet the established IC methods struggle with coeluting cations 34 (Huang et al., 2014; Murphy et al., 2007; VandenBoer et al., Verriele et al., 2012) or they do not address a full 35 suite of atmospherically relevant alkyl amines and inorganic cations (Chang et al., 2003; Dawson et al., 2014;  36 Erupe et al., 2010; Li et al., 2009) .
37
In this work we demonstrate the separation and quantitation of the nine most abundant atmospheric alkyl amines 38 and six inorganic cations through the use of ion chromatography. We show i) the separation method approach to 39 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -343, 2016 Manuscript under review for journal Atmos. Meas. Tech. Published: 15 November 2016 c Author(s) 2016. CC-BY 3.0 License.
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Method precision for each methyl and ethyl amine cation was determined using standard calibration curves (n = 19 9) injected across five different days spanning three months. The precision for the propyl and butyl amines was 20 determined using two standard calibration curves analyzed over one month. Method precision for Li + , Na + , NH4 + 21 and K + was assessed using calibrations (n = 6) from three separate days spanning two months. Precision for each 22 cation was calculated using the standard deviation (σ) in the slope of the linear calibration curves. Check 23 standards positioned between the two highest and the two lowest calibration standards for each cation were used 24 to determine method accuracy across the calibration range. The low check standard was 15 times greater than the 25 lowest standard and the high check standard was 150 times higher than the lowest standard. Accuracy was 26 determined by the percent relative error between the known and calculated concentrations of the check 27 standards. The limits of detection (LOD) for the singly-charged inorganic cations (n = 4) and methyl and ethyl 28 amines (n = 5) were determined using calibration standard and calibration blank chromatograms from three or 29 more separate days. The LODs for the propyl and butyl amines were determined using calibration standard and 30 blank chromatograms from two separate days. The LODs are reported as concentrations resulting in a signal 31 peak height to background noise ratio of three. The background noise was determined using the standard 32 deviation of the conductance signal that fell within the retention time window for each analyte in their respective 33 calibration blank chromatograms. Discussion of the analytical performance of the CS19 gradient program is 34 presented in Sect. 3.1.2. and divalent cations in Sect. 3.1.5.
2.5
Size-resolved BB sample analysis 1 A size-resolved particle sample from a BB plume was collected using a NanoMOUDI II (Nano micro 
1
Using the upper limit of the expected working range for all analytes therefore provides a lower limit on peak-to-2 peak resolution between these species. The peak-to-peak resolutions of the isocratic methods run using a 0.75 ml 3 min -1 and 1.25 ml min -1 flow rate for the selected inorganic and alkyl amine cations are presented in Fig. S1 and 4 S2. Peak-to-peak resolution between all peaks increased as the mobile phase ionic strength was lowered when 5 the flow rate was held constant. This is in agreement with Eq. (2), the fundamental resolution equation, which 6 describes peak-to-peak resolution in terms of an efficiency factor (N), retention factor (k), and a selectivity factor 7 (α).
9
With low mobile phase ionic strength, the retention factor of the analytes is expected to increase, leading to 10 greater resolution, consistent with our observations. In contrast, the effect of flow rate on peak resolution is non-11 intuitive and must be obtained empirically. Lower flow rates increase the retention factor, which in turn 12 increases resolution. However, an increase in mobile phase flow rate has a competing effect on the efficiency 13 factor in Eq. (2). The efficiency term is governed by the theoretical plate height (H) as described by the Van
14
Deemter equation (Eq. (3)), which highlights the competing effect of flow rate (μ) on peak resolution:
Figures S1 and S2 show no loss in peak resolution when using a higher flow rate ( and alkyl amines before approaching a gradient method ( Fig. S1 and S2 ). An increase in resolution greater than 1 one was observed for all analyte pairs aside from DEAH + /TMAH + when using a 1 mM MSA eluent 2 concentration.
3
All gradient methods that were tested started with a 1 mM hold, followed by a step-wise increase and/or ramp to 4
higher eluent concentrations at a column temperature of 30 °C. By combining the best isocratic separations for 5 various pairs of cation analytes sequentially, iterative modifications were used to improve resolution based on 6
Eq. (1-3). The best separation method was selected from amongst the iterations and the column temperature was 7 then systematically increased to investigate if further improvement in peak-to-peak resolution was possible. 
20
giving a 95 % separation between our target analytes and expected atmospheric interferences in the condensed 21 phase. The peak-to-peak resolutions are summarized in Table 1 . These represent a lower-limit in peak resolution 22 since they were calculated using peak parameters at the upper limit of the working range, which was determined 23 based on typical mixing ratios or mass loadings expected for the analysis of atmospheric samples containing 24 these analytes.
25
The separation method produced in this work is able to overcome previously reported IC coelution difficulties 
3
The performance statistics of the CS19 gradient method for each cation are summarized in particularly when the tri-subsituted amines reach the suppressor, which is not temperature-controlled. In future 9
investigations it may be worthwhile to acidify the standards to ensure the amines are maintained in their charged 10 form in the aqueous phase. Alternatively, to combat losses to neutral forms, use of a Salt Converter suppressor 11 accessory (ThermoScientific, SC-CSRS 300, P/N: 067530), which keeps weak electrolytes in a separated sample 12 fully protonated prior to their conductance measurement, may also aid in increasing long-term precision.
13
The limits of detection (LODs) for each analyte are reported in Table 1 as both a range and as the average LOD
14
(+ 1σ). The LODs are reported in this manner to reflect the high day-to-day variability in the calculated LODs.
15
This variability may be driven by i) the purity of the deionized water used for eluent generation; ii) instrumental water partitioning properties, which could result in losses during sample handling and during sample injection.
31
The low-range accuracies for all inorganic cations, with the exception of ammonium, were still high (80 -94%) 32 because concentrations were not near the limit of quantitation for these analytes. The low check standard 33 accuracy for ammonium is likely due to the similar issues discussed above for the amines.
34
Previous IC method precisions reported for use in quantifying the six atmospheric methyl and ethyl amines range 35 from 0.4 to 17.2 %, which are comparable to our method (Table 2; Chang et al., 2003; Dawson et al., 2014;  36 Erupe et al., 2010; Huang et al., 2014; Li et al., 2009; VandenBoer et al., 2012; Verriele et al., 2012; ). Our 37 method shows greater average variability than other methods due to our numerous assessments (n = 9) over Table 1 . Since the additional amines were injected after column degradation had occurred and retention times 32 had noticeably shifted (see Fig. 3a vs. Fig. 1b) , retention time and peak width were estimated using changes in (Fig. 4) 
In Figure 5a we show the molar ratio of the sum of the methyl and ethyl amines to ammonia (which is 35 considered to be the main atmospheric base), as a function of the size-resolved particles collected. The summed 36 amine moles exceeded ammonium from 100 to 560 nm, ranged from 0.5 to 1.9 in the fine mode (PM1), with an average ratio of 0.92 in PM1 calculated using nanoMOUDI bins up to this nominal cutoff. Quantities of NH4 + 1 were below the detection limit, above 1 µm, yielding no values for the ratio. The large error bars in the ratios are 2 driven by the low molar quantities of ammonium in the samples as well as a higher than normal variability in the 3 method blank error on the day of analysis. For these reasons this method blank error was assigned to the size-4 resolved samples in place of the NH4 + error driven by the method precision and accuracy detailed in Table 1 particles (Facchini et al., 2008; Gibb et al., 1999a; Müller et al., 2009; Sorooshian et al., 2009 , Youn et al, 2015 .
21
In fact, DMA and DEA have been reported as the second-and third-most abundant organic species in marine 22 fine aerosol behind methanesulfonic acid during periods of high biological activity in the North Atlantic 23 (Facchini et al., 2008) . Other researchers have also suggested a moderate to high correlation between high 24 biological activity and di-substituted amine particle mass loadings (Müller et al., 2009; Sorooshian et al., 2009 ).
25
Laboratory investigations have shown that methylamines can be produced by marine phytoplankton degradation 26 of quarternary amines to maintain an osmotic gradient as well as during periods of known zooplankton grazing 27 (Gibb et al., 1999b) . Based on the HYSPLIT back-trajectories calculated for these samples (Di Lorenzo, 2016) 
16
A time-series of the amines to ammonium molar ratio as the smoke plume intrudes into both the BKP and NVSN 17 sites is presented in Fig. 5b . There were either no amines present or they were present in concentrations below 18 our detection limits in the ambient particles collected on the front edge of the plume intrusions. When the 19 maximum PM2.5 mass loading of the plume reached the sampling site at t = 0, we saw an absolute maxima in 20 total amine concentration as well as a relative maxima in the particulate amine to ammonia molar ratio (Fig. 5b) .
21
The particulate amine concentrations and the amines to ammonia ratio then tapered off as the plume diluted and 22 passed through the site. The measured amines to ammonia ratio in these samples is consistent with previously 
Conclusions

32
We developed an ion chromatographic method that can separate and quantify nine dominant atmospheric alkyl 33 amines from common inorganic atmospheric cations. Ion chromatography methods reported in the literature 34 cannot fully resolve alkyl amine peaks, nor separate interferences from potassium, magnesium and calcium. In 35 this work, we report the ability to overcome these prevalent issues for atmospheric sampling with a rapidity that 36
can also be applied to near real-time analyses of aqueous atmospheric extracts by IC. Additionally, the method is 37 able to separate and quantify three pairs of structural isomers, a limitation for direct particle and gas sampling , 11(13), 6367-6386, doi:10.5194/acp-11-6367-2011, 2011. 56 Tao, Y., Ye, X., Jiang, S., Yang, X., Chen, J., Xie, Y. and Wang, R.: Effects of amines on particle growth observed in new particle formation events, J. Geos. Res. Atmos., 121, 1-12, doi: 10.1002 /2015JD024245, 2015 1 Tröstl, J., Chuang, W. K., Gordon, H., Heinritzi, M., Yan, C., Molteni, U., Ahlm, L., Frege, C., Bianchi, F., 2 Wagner, R., Simon, M., Lehtipalo, K., Williamson, C., Craven, J. S., Duplissy, J., Adamov, A., Almeida, J., 3
Flagan, R. C., Franchin, A., Fuchs, C., Guida, R., Gysel, M., Pet, T. and Steiner, G.: The role of low-volatility 4 organic compounds for initial particle growth in the atmosphere, Nature, 1-56, doi:10.1038/nature18271, 2016. Table 1 . Separation characteristics and statistics for the CS19 gradient method. Retention times (tr), peak width and resolution were determined using the highest 2 calibration standard for the alkyl amine (500 ng) and inorganic (160 -520 ng) cations. Sensitivity, precision, average LOD, and LOD range were analyzed using multiple 3 calibration standards and blanks (see Section 2.4). Upper and lower range accuracies were assessed using six high and low check standards (n = 6) for the alkyl amine 4 cations and four high and low check standards (n = 4) for the inorganic cations. The low check standards were 15 times more concentrated than the lowest standard and 5 the high check standards were 150 times more concentrated than the lowest standard. Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -343, 2016 Manuscript under review for journal Atmos. Meas. 
